Sympatric speciation is a contentious concept, although theoretical models as well as empirical evidence support its relevance in evolutionary biology. The Midas cichlid species complex ( Amphilophus citrinellus , labiatus , zaliosus ) from several crater lakes in Nicaragua fits several of the key characteristics of a sympatric speciation model. In particular, in A. citrinellus (i) strong assortative mating on the basis of colour polymorphism and (ii) ecological differentiation based on morphological polymorphisms involving the feeding apparatus and body shape might both be mechanisms of incipient speciation. Seven microsatellite markers and mtDNA control region sequences [836 base pairs (bp)] were used to study the population genetic structure of 519 specimens of Midas cichlid populations from the two Great Lakes Managua and Nicaragua, and three crater lakes in Nicaragua, Central America. The three named species of the species complex occupy different ecological niches, are morphologically distinct and can be distinguished genetically. We uncovered allopatric genetic differentiation of populations of A. citrinellus from different lakes and distant locations within Lake Managua and, more interestingly, incipient genetic differentiation of several sympatric populations based on colouration (in A. citrinellus and A. labiatus ) but not on the morphology of the pharyngeal jaws (in A. citrinellus ). Sexual selection and assortative mating might be the driven forces of diversification within named species. The Midas cichlid species complex in Nicaragua is an excellent model system for the study of the incipient stages of adaptation, speciation and the formation of species flocks.
Introduction
The relative importance of alternative mechanisms that generate and shape organismal diversity continues to be debated vigorously (e.g. Schluter 2000; Losos et al . 2003) . It is believed that most species evolved in allopatry by divergence of geographically isolated populations from an ancestral species ( Mayr 1963) . Speciation in the absence of geographical barriers has often been dismissed by the argument that continuous gene flow would prevent the establishment of fixed genetic differences which would be necessary for the formation of species. However, a growing body of empirical data shows that closely related species often occur in sympatry (e.g. Meyer et al . 1990; Schluter 1994; Feder 1998; Barraclough & Vogler 2000; Via 2001; Seehausen et al . 2003; Verheyen et al . 2003) . Also, theoretical approaches have identified a variety of evolutionary processes and conditions that can result in speciation under sympatric conditions ( Dieckmann & Doebeli 1999; Kondrashov & Kondrashov 1999; Doebeli & Dieckmann 2000; Gavrilets & Waxman 2002) . Natural selection through ecological specialization to local environments is accepted as the main cause of divergence in sympatric populations (Kondrashov et al . 1998; Schluter 2000) . However, sexual selection through assortative mating has been proposed as another mechanism promoting divergence in sympatry (Higashi et al . 1999; Wilson et al . 2000; Van Doorn et al . 2001; Gavrilets & Waxman 2002) .
Cichlid fishes (Family Cichlidae) are one of the best model systems for the study of biological diversification (e.g. Meyer et al . 1990; Kornfield & Smith 2000) . They are distinguished through enormous richness of species, great diversity of trophic adaptations and behaviours and the extreme rapidity of their divergence (reviewed in e.g. Fryer & Iles 1972; Meyer 1993a; Stiassny & Meyer 1999) . All these features make cichlids premier examples of rapid speciation. Time spans associated with the diversification of many of these species assemblages are extremely short (e.g. Meyer et al . 1990; Verheyen et al . 2003) . Much effort during the last decades has been devoted to the question of which evolutionary processes might explain most effectively the evolutionary success of these fishes (Liem 1973) . The greatest diversity of cichlids is found in lacustrine environments in East Africa, where they form large, often monophyletic, species flocks of up to several hundred endemic species (Meyer et al . 1990; Salzburger et al . 2002; Seehausen et al . 2003; Verheyen et al . 2003) . It is debated, however, to what extent the dominant mode of speciation in the Great Lakes of East Africa was sympatric (e.g. Turner & Burrows 1995) . Some theoretical models suggest that sympatric speciation may happen more rapidly than allopatric speciation (Dieckmann & Doebeli 1999) , which is consistent with the extremely young age of some of the adaptive radiations of cichlids of the African Great Lakes.
Cichlids are renowned for their vast diversity of trophic morphologies and often extreme degree of ecological specialization (e.g. Hori 1993; Schliewen et al . 1994; Rossiter 1995; Sturmbauer 1998; Huysseune et al . 1999; Rüber et al . 1999; Stiassny & Meyer 1999) . However, the sympatric occurrence of many sibling species that seem to differ only in colouration makes it unlikely that ecological specialization is the sole mechanism of speciation in this group (Seehausen et al . 1997; Kornfield & Smith 2000; Baric et al . 2002) . The role of colouration differences and sexual selection is considered central to diversification in cichlids by some authors (Meyer 1993a; Seehausen et al . 1997; Knight & Turner 1999; Seehausen & van Alphen 1999; Wilson et al . 2000) . That sexual selection operates in cichlid fishes had already been suggested previously in the study of the group (Kosswig 1947) , but critical empirical support is still limited. Clearly, a single mechanism will be insufficient to explain the origin of all cichlids, and the relative importance of various alternative mechanisms of speciation is likely to vary between the different species flocks (reviewed in, e.g. Kornfield & Smith 2000; Danley & Kocher 2002; Streelman & Danley 2003) .
With three described species, the Neotropical Midas cichlid species complex is a simple model of a cichlid radiation that may contribute to the understanding of the relative importance of alternative evolutionary processes in the generation of cichlid diversity. The species of the Midas cichlid complex are distributed in the Great Lakes of Nicaragua as well as in several crater lakes in the area (Fig. 1) . Combined, they represent by far the largest biomass of any fish species in Nicaraguan freshwaters and are an important food source for the human population of Nicaragua (Barlow 1976; Barlow & Munsey 1976) . Neotropical cichlid assemblages are typically less species-rich than in African lakes. The Midas cichlid species complex is one of the few examples among Neotropical cichlids with an almost exclusively lacustrine distribution, resembling the predominant evolutionary scenario of the African cichlid species flocks. Nevertheless, this group of cichlids is extremely variable in morphology, behaviour and ecology (Lowe-McConnell 1991) . Endemism and local specialization are also quite common and to some extent Neotropical cichlids replicate the African lacustrine evolutionary scenario, albeit at a smaller scale (Stiassny 1981) . Barlow & Munsey (1976) recognized three different species within the Midas cichlid complex: Amphilophus citrinellus (Günter), the Midas cichlid, a generalist species with very widespread distribution, A. labiatus (Günter), the red devil cichlid, a fleshy-lipped species thought to be restricted to the big lakes L. Nicaragua and L. Managua, and A. zaliosus (Barlow) , the arrow cichlid, an elongated species that is restricted in its distribution to one of the crater lakes, L. Apoyo (Fig. 2) . Recent studies claim that more species might exist in some of the crater lakes, although genetic data in support of these largely phenotypic descriptions are still not available .
The Midas cichlid complex is highly polymorphic. Within A. citrinellus and A. labiatus a polychromatism has been described ( Fig. 2) , with a cryptic form, grey or brown with dark bars or spots (normal morph) and a conspicuous form, which lacks melanophores, resulting in brightly red, orange, or yellowish coloured fish (gold morph). All A. zaliosus have the cryptic colouration (Barlow 1976) . Strong (95% of the pairs have the same colouration) assortative mating according to colour has been observed in A. citrinellus both in the field and in captivity (Barlow 1976; McKaye & Barlow 1976) , suggesting that sexual selection maintains the colour polymorphism (McKaye 1980) . Genetic differentiation between the two colour morphs has already been documented in some populations of A. citrinellus .
Cichlid fishes are characterized by a second pair of jaws in the pharyngeal area in addition to the oral jaws, and this key innovation (Liem 1973 ) is presumed to be responsible for their great ability to colonize new habitats and to exploit successfully a large diversity of trophic niches (Liem 1973) . For A. citrinellus two types of pharyngeal jaws have been described (Fig. 2) , a papilliform morph with slender pointed teeth feeding on soft prey and a molariform morph with thicker rounded teeth feeding on hard prey -only papilliform pharyngeal jaws have been documented in A. labiatus and A. zaliosus (Meyer 1989; 1990ab) . Previous performance studies (Meyer 1989) showed that there is a trade-off in performance: the molariform fish are specialized and more efficient at eating hard diets such as snails, whereas they are less efficient in feeding on soft diets than the papilliform morphs and vice versa. These two ecological forms might be in the process of speciation through ecological speciation and the trophic polymorphism might be maintained by disruptive natural selection, selecting against intermediate phenotypes and promoting reproductive isolation between them (Meyer 1989 (Meyer , 1990a (Meyer ,b, 1993b .
By being polychromatic as well as trophically polymorphic, the Midas cichlid species complex fits well the prerequisites for both natural and sexual selection to be promoting divergence of populations under sympatric conditions. Both types of speciation mechanisms through sexual selection as well as through ecological speciation might be acting in concert or successively. In an initial study on the relative importance of sexual selection based on female choice for mates with a particular colour and ecological speciation due to polymorphism in the pharyngeal jaws , the authors concluded that sexual selective forces might be faster and/or earlier in A. citrinellus than ecological speciation through the trophic polymorphism in the pharyngeal jaw. Furthermore, Wilson et al . (2000) found that not only traditional allopatric speciation mechanisms might be acting in the big Nicaraguan lakes, relatively old and large, offering sufficient geographical structure for the existence of barriers to gene flow. Most interestingly, their analyses suggested that even within crater lakes that clearly do not provide any geographical structure, none the less genetic differential was found based on colouration but not based on trophic/ ecological traits. Because both the colour and trophic polymorphisms are present in several of the crater lakes, and because these lakes are fully distinct from each other genetically they might, similar to the situation in the post-Pleistocene lakes of British Columbia, serve as examples for repeated speciation of similar species in parallel (Kirkpatrick 2000) . The results of this first population genetic study on the polychromatic and polymorphic A. citrinellus suggested that it is an example for incipient speciation in sympatry and parallel evolution (Kirkpatrick 2000; Wilson et al . 2000) .
The initial genetic study on A. citrinellus was based on a relatively small sample (141 individuals collected in 1987 from four lakes; this study is based on 519 samples collected in 2001 from six lakes and eight localities) and was restricted to this species; here we also included samples from the other described species of the Midas cichlid complex ( A. labiatus and A. zaliosus ). The first genetic study used fewer microsatellite markers (four vs. seven) and a shorter fragment [480 base pairs (bp) vs. 836 bp] of the mitochondrial control region than the present study. During the last 15 years, since the collection of the samples for the first study (McCrary et al . 2001 ) some drastic ecological changes are said to have occurred, in particular in the crater Lake Apoyo, due to the introduction of non-native African tilapiine cichlid fishes.
This study aims to test the generality of the prime role of assortative mating through colour preference with respect to ecological speciation based on ecologically relevant morphological traits, such as pharyngeal jaw morph and body shape, in the Midas cichlid species complex.
Materials and methods

Sample collection
Specimens of the Midas cichlid complex were collected during the dry season (February-March) of 2001 from the Great Nicaraguan Lakes, Lake Managua (two locations: Miraflores, San Francisco Libre: S. Fco Libre) and L. Nicaragua (two locations: Isletas, Ometepe) from Tisma pond at the Tipitapa River that connects both lakes, and from three crater lakes, L. Xiloá, L. Apoyo and L. Masaya (Fig. 1) , covering the main area of distribution of this species. A total of 519 individuals were collected (Table 1) . Fish were collected with gill nets and photographed in the field for further morphometric analyses (see Klingenberg et al . 2003) . Pharyngeal jaws from all specimens were dissected and fish were preserved in 80% ethanol for Barlow & Munsey (1976) . All specimens of A. labiatus were caught in Isletas in L. Nicaragua, and all specimens of A. zaliosus were caught in L. Apoyo (the only place where they exist). All individuals captured in L. Apoyo were identified as A. zaliosus based on their elongated body (see Klingenberg et al . 2003) . All fish were scored for their colouration (normal morph, grey or brown with dark bars or spots vs. gold morph, brightly coloured, red, orange or yellowish; Barlow 1976) and pharyngeal jaw type (papilliform morph with slender pointed teeth associated with soft food vs. molariform morph with thicker rounded teeth and hypertrophied musculature associated with a diet of hard food items (Meyer 1989 (Meyer , 1990a (Fig. 2) .
mtDNA amplification and sequencing
Total DNA was isolated using a proteinase K digestion followed by sodium chloride extraction and ethanol precipitation (Bruford et al . 1998 ). The complete mitochondrial control region (836 bp) was amplified using published primers and polymerase chain reaction (PCR) conditions (Kocher et al . 1989; Meyer et al . 1994 ) with a GeneAmp PCR System 9700 Thermocyler (Applied Biosystems). The PCR products were purified using the QIAquick PCR purification kit (Qiagen), and sequenced in both directions with the BigDye Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystems). Sequencing products were analysed on an ABI 3100 Automated Sequencer (Applied Biosystems). The mtDNA sequences of this study have been deposited in GenBank under Accession nos AY567011-AY567470.
Microsatellite analysis
In addition, seven nuclear DNA microsatellite loci were genotyped (Acit1, Acit2, Acit3, Acit4 Acit6, Noack et al . 2000; TmoM7, Zardoya et al . 1996 ; UNH002, Kellog et al. 1995) . Microsatellites were amplified with fluorescent reverse primers (FAM and HEX dyes) and fragment length was analysed with the internal size marker genescan -500 ROX (Applied Biosystems) on an ABI 3100 Automated Sequencer (Applied Biosystems), and with the genotyper version 3.7 (Applied Biosystems) software package.
Phylogenetic and statistical analyses
mtDNA control region. Mitochondrial DNA sequences were aligned by eye and different haplotypes were identified with collapse version 1.1 (Posada 1999 ). All haplotypes found in the six lakes and the three species were plotted on an unrooted minimum spanning haplotype network according to the optimal tree obtained from a maximum likelihood analysis in paup * version 4.0b10 (Swofford 2002) that was translated into maximum parsimony branch lengths. A total of 10 homoplastic positions (60, 105, 175, 191, 237, 276, 412, 592, 611, 612, 726 ) with a consistency index lower than 0.20, were removed from this analysis (Fig. 3) . A sequence evolution model was chosen using a nested series of likelihood ratio tests (Huelsenbeck & Crandall 1997) applying modeltest 3.06 ( Posada & Crandall 1998) incorporated into paup *. A mismatch analysis was performed to study the demographic history of species and populations ( Fig. 4 and Table 2 ). The observed pairwise mismatch distributions were fitted to a sudden demographic model (stepwise expansion model) Table 2 Mismatch analysis parameters. τ is the expansion parameter (in parentheses the 95% confidence intervals); θ 0 and θ 1 are the substitution rates before and after the expansion, respectively; SSD is the test of the validity of a stepwise expansion model based on the sum of square deviations between the observed and the expected mismatch, and the significance of the test is estimated with a parametric bootstrap approach, and the same method is used to test the significance of the Raggedness index (probability values: *P < 0.05, **P < 0.001, ns = nonsignificant). The timing of the most important expansion in each group (t divergence ) was calculated on the basis of the equation τ = 2µt, where t is the expansion time and µ the mutation rate (µ was estimated form the dated origin of the crater L. Apoyo based on geological data) Mean no. of differences by a generalized least square procedure following Schneider & Excoffier (1999) as implemented in arlequin version 2.1 (Schneider et al. 2000) . The validity of a stepwise expansion model for the data was tested by Monte Carlo Markov chain simulations (1000 steps) with arlequin. The moment estimator of time to the expansion (τ) was computed, and the time of the main expansion in generations (t) was estimated from the equation τ = 2µt, where µ is the mutation rate. The mutation rate was estimated from the calibration of the molecular divergence calculated with arlequin of the population in L. Apoyo for which dated geological information exists (Riedel 1972; Bice 1985) and compared with the existing molecular clock for control region in cichlids (Sturmbauer et al. 2001) . We assumed a conservative estimate of a generation time of 2 years, although in the laboratory these fish become sexually mature at less than 1 year. Genetic differences between named species, populations from different geographical areas and between sympatric colour and jaw morphs were estimated with F-statistics ( Weir & Cockerham 1984) as calculated by arlequin.
Microsatellites. Departure from Hardy-Weinberg expectations for each locus across and within populations was calculated using a test analogous to Fisher's exact tests (Guo & Thompson 1992 ) estimated with a 100 000 step, 1000 iteration, Monte Carlo Markov chain series of permutations, as implemented in arlequin. Linkage disequilibrium for pairs of loci was tested for all possible pairs of loci in each population and globally for each pair of loci across populations with arlequin.
The genetic structure of named species, geographical areas and morphs was analysed by both Wright's Fstatistics (Weir & Cockerham 1984 ) based on differences in allele frequencies, and R ST -statistics (Slatkin 1995) and based on differences in allele sizes, as implemented in arlequin. Two different statistics based on different mutation models were used due to the proven drawbacks of all existing models of microsatellite mutation and its relationship with migration ( Balloux & Lugon-Moulin 2002) .
Critical significance levels for multiple testing were corrected following the sequential Bonferroni procedure (Rice 1989) .
Results
Descriptive statistics, Hardy-Weinberg equilibrium and linkage disequilibrium
The seven microsatellite loci analysed detected high levels of polymorphism in the species studied (from three to 33 alleles). Disequilibrium between pairs of loci was nonsignificant in every comparison (P > 0.05). Tests for deviations from Hardy-Weinberg equilibrium within populations found no significant heterozygote deficit in all cases (P > 0.05) but one locus was deviating from equilibrium in the Tisma Pond population (P < 0.05; Acit 2).
Haplotype network based on mtDNA sequences
Among all individuals of the Midas-red devil-arrow cichlid species complex of this study we obtained 460 sequences and 154 different mtDNA haplotypes were found. The optimal model of molecular evolution found by modeltest was the transversional model with a gamma substitution correction (0.97) and a proportion of invariable sites of 0.60% (TVM + I + G).
A minimum spanning haplotype network was constructed (Fig. 3) . The network obtained had a star-like structure, with the most abundant haplotype in the central position, including individuals from all localities except for L. Apoyo. Clusters of haplotypes arising from the main haplotype reflect the geographical differentiation of the populations within the species complex. A. zaliosus shared no haplotype with any of the other species, but A. citrinellus and A. labiatus shared several haplotypes.
Molecular clock calibration and mismatch analyses
We applied a molecular clock to estimate the divergence time of the lineages of the Midas cichlid, although we recognize the potential problems and limits associated with a molecular clock approach (see e.g. Page & Holmes 1998) . Therefore, the divergence times obtained are presented here only as an approximation.
A molecular clock was estimated through the calibration of the molecular divergence of the mtDNA sequences for the population of A. zaliosus, which originated in L. Apoyo during less than the approximate geological age of the lake of 23 000 years (Riedel 1972; Bice 1985) . The mean number of pairwise differences among all individuals of the Midas cichlid species complex sampled here based on the sequences whole control region (836 bp) was 1.135 (standard deviation 0.76), and the mutation rate obtained was 5.90% per site per Myr (1.95-9.86%). In order to make our results comparable to previous molecular clocks estimated for African cichlids (Sturmbauer et al. 2001; Verheyen et al. 2003) we calculated the mutation rate considering only the most variable section of the control region (the first 365 bp). This estimate resulted in a mean number of pairwise differences of 0.594 ± 0.49 and an estimated rate of mutation of 7.08% per site per Myr (1.24%-12.91%). Previous estimations of the rate of mutation for this section of the control region for L. Malawi cichlids ranged from 6.5% to 8.8% per Myr (Sturmbauer et al. 2001) , a value that is similar to our own results, corroborating the much higher rate of mutation of cichlid fishes compared to other groups of fishes (e.g. Donaldson & Wilson 1999; Zardoya & Doadrio 1999) .
A mismatch analysis was performed to compare the demographic history of the different lineages of the Midas cichlid complex. The mismatch distribution differed substantially among populations from the different lakes ( Fig. 4; Table 2 ). The crater lakes had a lower mean number of differences than the larger lakes in correspondence with the much younger age of these populations and the habitat they inhabit. The sample of A. zaliosus from L. Apoyo had the lowest mean number of differences (1.207), in agreement with the age of this crater lake based on geological data. The highest mean number of differences was found in the large and old L. Managua (4.689) where two modes were observed, suggesting population substructuring within the lake. Two modes are also observed in Tisma. Both A. citrinellus and A. labiatus in L. Nicaragua showed similar unimodal distributions, supporting the idea of a common relatively recent history. A model of sudden demographic expansion was supported for all populations except for the sample from L. Masaya. The time estimates of the most important demographic expansion in each group were calculated using the mutation rate obtained for the whole control region (Table 2) . Time estimates were not calculated on the populations from L. Masaya and Tisma Pond because they do not comprise a demographic population (see below).
Pairwise comparisons between populations
Tamura & Nei distance estimates were used to compute the distance matrix for the statistical analysis, as they are the closest measure available in arlequin to the model that best fits the data (TVM) based on the proposed hierarchy for models of molecular evolution described in modeltest version 3.06 (Posada & Crandall 1998) .
Pairwise comparisons of genetic distances based on both mtDNA haplotypes and microsatellite loci detected strong differences between the populations of the Midas cichlid from the different lakes as well as between the two morphologically distinct forms/species A. zaliosus and A. labiatus. A. zaliosus appeared as the genetically most distant species of the complex with the highest levels of differentiation from the rest of the lineages (Table 3 ). The population from Tisma Pond located at the Tipitapa River between L. Managua and L. Nicaragua was not significantly different from the samples from L. Managua, and both were subsequently grouped in further analyses.
For A. citrinellus within L. Nicaragua no genetic differentiation based on mtDNA or microsatellites was found between the two locations sampled, Isletas and Ometepe (P > 0.05), but both populations differed from the sample of A. labiatus from the Isletas locality based on microsatellites F ST .
Within L. Managua the two locations sampled showed significant differences in the mtDNA haplotypic structure (F ST = 0.101, P = 0.009), although the microsatellite analyses failed to find any significant differentiation (P > 0.05). When the Tisma sample was included in the comparison, it appeared to be genetically indistinguishable from the sample from San Francisco Libre (P > 0.05 both mtDNA and microsatellite analyses), but significantly different from the sample from Miraflores in the mt DNA haplotypic structure (F ST = 0.099, P < 0.001) although not in the microsatellite analysis (P > 0.05).
The ranges for both F-and R ST -statistics were similar, suggesting that the time scale of the divergence of the Midas cichlid complex is sufficiently recent that mutation plays a minor role and F-statistics is a valid tool for the analysis of microsatellite divergence (Table 3) .
Comparisons between trophic and colour morphs from sympatric populations
A. citrinellus is a polychromatic species with two distinct described colour morphs. In the two big lakes and Tisma Pond gold and normal morphs were found in sympatry. Within the crater lakes only normal cryptic forms were found in our sampling, although in both L. Xiloa and L. Masaya gold morphs exist in deeper water (Barlow 1976; Meyer 1990a,b; McKaye et al. 2002) . Comparisons of the two colour morphs from sympatric collections showed significant differences for L. Managua (S. Fco Libre-Tisma based on both nuclear and mitochondrial markers, and in Miraflores based on nuclear markers only) (Table 4 ). In L. Nicaragua, the two sympatric morphological types found in the Isletas (A. citrinellus and A. labiatus) were polychromatic (the sample of A. citrinellus from Ometepe included only normal forms). The colour morphs were in both localities genetically differentiated on the basis of nuclear neutral markers (Table 4) .
Two different types of pharyngeal jaws have been described in A. citrinellus: papilliform and molariform. For both A. labiatus and A. zaliosus only papilliform pharyngeal jaws have been described previously in the literature (Meyer 1989 (Meyer , 1990a . All A. citrinellus individuals sampled in L. Managua, Tisma Pond and L. Masaya had papilliform pharyngeal jaws (see also Meyer 1990a). All A. citrinellus individuals collected in Ometepe in L. Nicaragua had molariform pharyngeal jaws. Among samples of A. citrinellus that were collected from L. Xiloá, L. Apoyo (A. zaliosus) and Isletas, L. Nicaragua both trophic morphs were found in sympatry. This study provides the first evidence of molariform pharyngeal jaws on fish from Lake Apoyo. In the comparison of the trophic groups within their sympatric distribution all comparisons were nonsignificant (Table 4) . 
Discussion
The Neotropical Midas cichlid species complex is ubiquitous in the Great Lakes Basin of Nicaragua, and comprises the largest biomass of any fish species in these lakes. The Midas cichlid has predominantly generalist habits and covers a wide range of ecological habitats. This pattern contrasts with the general trend observed in most cichlids from the African Great Lakes, where species are highly specialized and typically confined to discrete habitats and often extremely fine ecological niches (reviewed in Fryer & Iles 1972) . Neotropical cichlids are often associated with high levels of phenotypic plasticity and are generally believed to show decreased tendencies for speciation, at least by comparison to the 'explosively' speciating African cichlids (Kornfield et al. 1982; Meyer 1987 Meyer , 1990b . This study documents large amounts of genetic structuring among populations of the Midas cichlid species complex in the lakes of Nicaragua, which might call the previous hypotheses into question. In agreement with earlier genetic and morphometric studies McKaye et al. 2002; Klingenberg et al. 2003) , this study finds substantial phenotypic as well as genetic differentiation between populations of the Midas cichlid in the lakes of Nicaragua (Fig. 3, Table 3 ), corroborating expectations from traditional models of divergence among allopatric populations.
Historical context and age estimation
The origin of the Great Lakes Basin of Nicaragua is due to tectonic activity and has been dated to the early Quaternary (< 1 Mya) (Riedel 1972; Bussing 1976) . Originally the two big lakes, L. Managua and L. Nicaragua, together with the small L. Xiloá, were part of a single lake basin, the 'Great Nicaraguan Lake' (Villa 1968) . Stratigraphic evidence shows that during the Pleistocene the level of the water was 20 m higher than at present (Hayes 1899) . The first arrival of freshwater fishes to the lakes is dated to around 500 000 years ago (Bussing 1976) , when these three lakes still formed a single water body. The faunal correspondence among the three lakes observed agrees with the geological evidence (Villa 1968) . In the late Pleistocene the Great Nicaraguan Lake opened to the Atlantic Ocean through the San Juan River, and the water level dropped. This resulted in the separation of the initial lake into two basins, L. Nicaragua and a basin including L. Managua and L. Xiloá (Villa 1976a,b) . More recently (not dated), L. Xiloá and L. Managua also separated into two different lakes (Villa 1968) . The two large lakes remained connected by the Tipitapa River, a partially subterranean river that flows from L. Managua into L. Nicaragua, which might have constituted somewhat of a barrier to the dispersal of fish (Villa 1976a,b) .
From our population genetic analyses we estimate that the first rapid increase of the population sizes of the Midas cichlid species complex in the Nicaraguan lakes occurred around 91 000 years ago in L. Managua, and that from this population L. Nicaragua was colonized (the main population expansion is estimated to have occurred around 74 000 ya) ( Table 2 ). These two populations are genetically distinct due to the isolation of the two lakes, but still many mitochondrial haplotypes are shared supporting the hypothesis of a common origin (Figs 3 and 4) . Occasional overflows of L. Managua into L. Nicaragua have been reported (Villa 1976a,b) , and a permanent pond along the Tipitapa River contains a stable A. citrinellus population that is indistinguishable genetically from that from L. Managua (Table 3) .
The crater lake populations were seeded from the populations of the big lakes. estimated to have occurred around 66 000 ya. The fossil record indicates that the original fauna of L. Xiloá was more diverse than it is nowadays, but the high concentration of salts in its water caused the disappearance of some species, and the adaptation to the new conditions of some others (Villa 1968) . Two endemic species have been found in L. Xiloá (a fish and a crustacean), and have proposed that three new species of the A. citrinellus complex might have differentiated within the lake. Our study found clear genetic differentiation of the Midas cichlid in L. Xiloá from the populations in the rest of the lakes, although our sample does not suggest further substructuring within this lake. Interestingly, as both colour morphs and both pharyngeal jaw morphs of A. citrinellus are found in L. Xiloá (Meyer 1990a) as well as some of the other crater lakes, these polymorphisms and probably incipient species arose not only sympatrically but in parallel in these different crater lakes (see also Wilson et al. 2000) . The origin of the seeding cichlid faunas of L. Apoyo and L. Masaya is largely unknown, but human introduction has been proposed (Astorqui 1967) . Our study suggests that both lakes might have been seeded with fish from L. Nicaragua (Fig. 3 ) geographically closest to both of them. The Midas cichlid population in L. Masaya is not monophyletic (Fig. 3) , and has experienced either several introductions or a large and already diverse founder population was introduced. On the other hand, the Midas cichlid population from L. Apoyo, specifically A. zaliosus, appears to be monophyletic, pointing to one single colonization event with a small number of seeding individuals for that crater lake (Fig. 3) . All genetic diversity that is contained in our L. Apoyo sample and the origin of at least one new species (A. zaliosus) probably arose within this small crater lake since its recent geological origin of less than 23 000 ya (Riedel 1972; Bice 1985) .
Origin of two new species through sympatric speciation
Previous morphometric studies (Barlow & Munsey 1976; Meyer 1990a,b; McKaye et al. 2002; Klingenberg et al. 2003) have shown that closely related forms of the Midas cichlid complex with marked ecological specializations coexist in some areas in Nicaragua and also in the three small crater lakes, suggesting that sympatric differentiation might be ongoing. This study provides the first genetic evidence for the genetic differentiation between the three species of the Midas cichlid species complex.
A. labiatus, a species with morphological adaptations to feed on invertebrates between crannies, such as an elongated head and fleshy lips, occurs sympatrically with the generalist A. citrinellus in Isletas, L. Nicaragua. Both morphometric (Klingenberg et al. 2003) and molecular data show significant differences between these two species.
Although mating experiments between these two species have yet not been conducted, the extent of the genetic differences found here supports the assignment of A. citrinellus and A. labiatus as distinct biological species. However, these species are young, and a large number of mtDNA haplotypes are still shared between those two evolutionary lineages (Fig. 3) .
Fleshy-lipped forms have repeatedly evolved in many different cichlid radiations both in the Neotropics and the Great East African Lakes (Stiassny & Meyer 1999) . The evolution of fleshy lips is an example for the type of morphological innovation that results in ecological differences that might lead to the evolution of novel species. In L. Apoyo, a small lake (21.2 km 2 ) of recent volcanic origin, two morphologically distinct forms have been previously identified, an elongated species inhabiting the limnetic niche, A. zaliosus, and the typical deeper-bodied A. citrinellus species inhabiting the benthic niche (Barlow & Munsey 1976; Klingenberg et al. 2003) . Although both species have been found in this small crater lake previously (Barlow & Munsey 1976; A. Meyer and T. Hrbek, unpublished data) , all the individuals collected for this study from this lake were morphologically monomorphic, but differed as determined by a morphometric analyses of body shape from A. citrinellus from other populations (Klingenberg et al. 2003) . Therefore, all specimens collected by us from L. Apoyo for this study are likely to be A. zaliosus. Rather than to presume that A. zaliosus previously had a wider geographical distribution and went extinct in all other localities later, we believe strongly that A. zaliosus arose in sympatry from an A. citrinellus ancestral lineage within L. Apoyo. The mitochondrial DNA analyses (Fig. 3,  Table 3 ) show that all A. zaliosus specimens from L. Apoyo are genetically closely related (only eight haplotypes differing by maximally one mutation among the 50 specimens were found), suggesting that this species is very young and that the founding population for this new group might have been small. The most probable mechanism for the observed differences between these two species that differ in their ecology (benthic vs. limnetic habitat and associated deep vs. shallow bodies) is diversification of sympatric competing populations that are specialized to live in different habitats through ecological speciation. L. Apoyo is oligotrophic compared to the other Nicaraguan crater lakes , and trophic specializations and associated habitat shifts might be necessary in this environment. The occurrence of differentiation between benthic and limnetic forms within species is a common phenomenon observed not only in some populations of A. citrinellus (Meyer 1990ab) , but is known from various populations of a range of other species in freshwater lakes (Schluter 1993; Lu & Bernatchez 1999; Rundle et al. 2000 ; see review by Smith & Skúlason 1996) and is also known from some African cichlids (Schliewen et al. 1994) . Furthermore, assortative mating between these two species has been observed in L. Apoyo (Barlow & Munsey 1976) .
Sympatric speciation: ecological specialization vs. sexual selection
Ecological adaptation appears to be one of the main mechanisms of population differentiation and speciation in the Midas cichlid complex. The adaptation of A. labiatus to feed on invertebrates in crannies in L. Nicaragua and the adaptation to live in open waters of A. zaliosus in L. Apoyo (similarly to the limnetic morphs of A. citrinellus) resulted in the genetic isolation of these forms from the generalist A. citrinellus producing new species with stable reproductive barriers. However, although the Midas cichlid is known to have distinct trophic morphs (papilliform and molariform pharyngeal jaws) that are ecologically specialized on soft and hard preys, respectively, with known ecological effects (Meyer 1989 (Meyer , 1990a , our molecular markers could not find genetic difference between the trophic morphs with this species (Table 4) .
There are several explanations for this result. All species of the Midas cichlid species complex start life with papilliform pharyngeal jaws and, as individuals reach about 10 cm in length (Meyer 1990a) , some of them begin to replace their papilliform teeth on their pharyngeal jaws with molariform teeth (Meyer 1990a,b) . The abundance of molariform fish in a population seems to be correlated with the abundance of hard-shelled prey (snails) in the environment (Meyer 1990a) . Distinct pharyngeal jaw polymorphisms have been identified in several species of cichlids (Greenwood 1965; Kornfield et al. 1982; Hoogerhoud 1983; Kornfield & Taylor 1983; Meyer 1993a ) and, at least in some of these species, a large environmental component to the pharyngeal jaw phenotype has been suggested. The ontogenetic shift in A. citrinellus from a papilliform to molariform pharyngeal jaw dentition might be to some extent environmentally induced (Meyer 1990a) . Therefore, these ecologically important morphological differences might be phenotypically plastic, which would explain the lack of genetic differences between these morphs. However, we cannot rule out, as yet, a genetic basis for the differences in the pharyngeal jaw dentition. We are currently conducting both breeding as well as common garden experiments to determine the extent of the genetic determination of this phenotypic difference in A. citrinellus.
We find some indications of genetic differentiation between the colour morphs ( Table 4) . Because it is known, furthermore, that assortative mating is very strong in these fish, these data support the hypothesis that sexual selection initially might cause speciation without the requirement of a concomitant ecological differentiation (e.g. reviews in Panhuis et al. 2001; Via 2001) . Variation in colouration is extensive within the adaptive radiations of cichlid in East African lakes, and assortative mating on the basis of colouration has been documented in several species including the Midas cichlid species complex (e.g. McKaye et al. 1984; Seehausen et al. 1998) . In African cichlids sexual selection is claimed to be one of the key factors promoting diversification (Meyer 1993b; Seehausen et al. 1998) . However, empirical data in support of this hypothesis is hard to obtain.
All fish of the Midas cichlid start out life with a normal cryptic colouration, and during ontogeny some of them experience a colour metamorphosis, lose their melanophores and turn gold (Barlow 1976) . In most populations of the Midas cichlid around 8% of mature adults are brightly (gold) coloured (Barlow 1976) . The two colour morphs show a strong tendency to mate assortatively with respect to colour both in the field and in the laboratory (Barlow & Rogers 1978; McKaye 1980 McKaye , 1986 . As fish from each population are related more closely to each other than to fish outside the lake, this system provides an ideal situation for testing the hypothesis of ongoing sympatric speciation in parallel settings via sexual selection. A previous study already found tentative evidence in favour of incipient sympatric speciation on the basis of colouration in the Midas cichlid based on a smaller sample of A. citrinellus than were included in this study . Here we report on a more extensive sampling of the populations of Midas cichlid in Nicaragua, including one more polychromatic species from the complex and base the population genetic analyses on a larger sample of molecular markers. This study corroborates the hypothesis of the importance of sexual selection in these cichlids by discovering significant structuring of populations on the basis of colouration in all polychromatic populations.
The Midas cichlid has differentiated into distinct ecological types with morphological adaptations such as big lips and benthic and limnetic body forms that feed on different diets and inhabit different areas of the lakes forming three recognized species (A. citrinellus, A. labiatus and A. zaliosus) . A more recent diversification might be happening within two of the named species in the complex due to sexual selection by assortative mating on the basis of the colour polymorphism. These patterns are consistent with those proposed for the radiation of cichlids in the main African Lakes Tanganyika and Malawi, where major lineages are trophically divergent and more recent lineages are differentiated based largely on colouration differences (Meyer 1993b; Sturmbauer 1998; Stiassny & Meyer 1999; Danley & Kocher 2002) . Contemporary sympatric speciation in the African Great Lakes might be caused by sexual selection, accompanied by minor or no ecological differences (Mayr 1984; Baric et al. 2002) .
Patterns of cichlid evolution
Although major differences in the patterns of evolution have been proposed for East African and Neotropical cichlids (Kornfield et al. 1982; Meyer 1987) , both trophic specialization (and hence ecological speciation) and sexual selection seem to be two of the main mechanisms promoting differentiation and speciation in cichlids. Endemism, trophic adaptations and assortative mating are common phenomena in the Midas cichlid complex, resembling the larger scale evolutionary scenario found in the adaptive radiation of East African cichlids. The evolution of cichlids in the Nicaraguan Lakes has been, however, conservative compared with the explosive morphological, ecological and behavioural diversification of cichlids in East African Lakes of similarly recent origin (i.e. 10 cichlid species are found in L. Nicaragua vs. 500 + cichlid species in Lake Victoria that might be even younger than L. Nicaragua: see Meyer et al. 1990; Verheyen et al. 2003) . In contrast, the levels of genetic divergence in the Midas cichlid complex (three species, 150 haplotypes, max. genetic distance = 11 mutations) are very similar to those observed in some East African lakes of different size and age (i.e. L. Victoria: 500 + species, 41 haplotypes, max. genetic distance = 10 mutations; L. Kivu: 15 haplochromine species, 41 haplotypes, max. genetic distance = nine mutations; Verheyen et al. 2003) . This supports the idea that genetic divergence is not a sufficient metric of morphological diversification and species richness (Meyer et al. 1990; Sturmbauer & Meyer 1992; Verheyen et al. 2003) , but rather that even among cichlids there are differences in the rates of morphological diversification and speciation.
Two factors might be the key reasons for the differences between the explosive morphological differentiation of the cichlid flock in a recent East African lake, such as the haplochromine superflock of L. Victoria, and the evolution of cichlids in the Nicaraguan lakes. First, generally speaking there is a correlation between the size of a lake and the size of a species flock, because the main African cichlid radiations took place in some of the larger lakes of the rift valley (L. Tanganyika = 32 000 km 2 , L. Malawi = 26 900 km 2 ). Lake Victoria (L. Victoria = 68 000 km 2 ) and the other two large African lakes have a great variety of environments and a more complex fish community than the smaller Nicaraguan lakes ( L. Nicaragua = 8150 km 2 ; L. Managua = 1040 km 2 ). The size of the fauna of the Nicaraguan lakes, however, is comparable to the fauna of similarly sized lakes in the African rift valley. L. Albert, a rift-valley lake with similar size, age and depth to L. Nicaragua (age = 500 000 years; size = 6800 km 2 ; mean depth = 25 m), contains a similar number of fish species (45 vs. 40 species) and the same number of cichlid species (10). Secondly, the location of L. Victoria in the African rift valley, which connected it in the recent past to a complex set of very old and deep lakes that have acted as reservoirs of cichlid species over the years Verheyen et al. 2003) , has favoured the colonization of L. Victoria by possibly already lake-adapted ancestral cichlid lineages that were already somewhat diversified (Verheyen et al. 2003) . In contrast, the Nicaraguan lakes are an exceptional environment in the Neotropics, an area dominated by large rivers, and their fauna is derived from riverine fish. Such an ecological setting might be more prone to preserve ancestral characters (Kullander 1998) .
The evolution of the Midas cichlid species complex in Nicaragua provides empirical evidence for some of the previously presumed general patterns of cichlid evolution in lacustrine environments. Both allopatric differentiation of geographically distant populations as a by-product of isolation and, more interestingly, sympatric differentiation in parallel due to separation of colour and ecological morphs in sympatric populations might be driving the diversification and speciation of this system. Ecological specialization and adaptation to local environments is found in the Midas cichlid complex; however, sexual selection through assortative mating also appears to initiate the differentiation of at least some populations in this system. Further studies of the ecology and behaviour of these species might lead to a more comprehensive understanding of the interactions of the two complementary selective forces promoting diversification in this cichlid system.
The Midas cichlid in Nicaragua appears to be an excellent model system for the study of early stages of adaptation and speciation in a cichlid lacustrine species flock. The three crater lakes of Nicaragua, in particular, provide an unparalleled opportunity for the study of the incipient stages of sympatric speciation in parallel evolutionary settings, comparable only to the repeated parallel speciation events of sticklebacks in the postglacial lakes in British Columbia (reviewed in Schluter 2000) . Unfortunately, through the recent introduction of African tilapiine cichlids this natural laboratory of speciation has become threatened (McCrary et al. 2001) and is in urgent need of conservation measures.
